Two modes of gonadotropin-releasing hormone (GnRH) and luteinizing hormone (LH) secretion are necessary for female fertility: surge and episodic secretion. However, the neural systems that regulate these GnRH secretion patterns are still under investigation. The neuropeptide somatostatin (SST) inhibits episodic LH secretion in humans and sheep, and several lines of evidence suggest SST may regulate secretion during the LH surge. In this study, we examined whether SST alters the LH surge in ewes by administering a SST receptor (SSTR) 2 agonist (octreotide) or antagonist [CYN154806 (CYN)] into the third ventricle during an estrogen-induced LH surge and whether endogenous SST alters episodic LH secretion. Neither octreotide nor CYN altered the amplitude or timing of the LH surge. Administration of CYN to intact ewes during the breeding season or anestrus increased LH secretion and increased c-Fos in a subset GnRH and kisspeptin cells during anestrus. To determine if these stimulatory effects are steroid dependent or independent, we administered CYN to ovariectomized ewes. This SSTR2 antagonist increased LH pulse frequency in ovariectomized ewes during anestrus but not during the breeding season. This study provides evidence that endogenous SST contributes to the control of LH secretion. The results demonstrate that SST, acting through SSTR2, inhibits episodic LH secretion, likely acting in the mediobasal hypothalamus, but action at this receptor does not alter surge secretion. Additionally, these data provide evidence that SST contributes to the steroid-independent suppression of LH pulse frequency during anestrus. (Endocrinology 158: 1827(Endocrinology 158: -1837(Endocrinology 158: , 2017 O varian function, and therefore fertility, in females is dependent on cyclical changes in two modes of gonadotropin secretion. Surge secretion of luteinizing hormone (LH) occurs once per estrous or menstrual cycle at the end of the follicular phase in response to positive feedback effects of estradiol (E 2 ) and induces ovulation and luteinization. Pulsatile secretion of LH is necessary for folliculogenesis and steroidogenesis and is regulated by negative feedback effects of E 2 and progesterone, with progesterone inhibiting LH pulse frequency and E 2 inhibiting pulse amplitude (1). These actions result in changes in LH pulse patterns during the normal ovarian cycle that are important for the control of ovulation because the increasing episodes of LH secretion during the follicular phase drive the preovulatory rise in circulating E 2 .
O varian function, and therefore fertility, in females is dependent on cyclical changes in two modes of gonadotropin secretion. Surge secretion of luteinizing hormone (LH) occurs once per estrous or menstrual cycle at the end of the follicular phase in response to positive feedback effects of estradiol (E 2 ) and induces ovulation and luteinization. Pulsatile secretion of LH is necessary for folliculogenesis and steroidogenesis and is regulated by negative feedback effects of E 2 and progesterone, with progesterone inhibiting LH pulse frequency and E 2 inhibiting pulse amplitude (1) . These actions result in changes in LH pulse patterns during the normal ovarian cycle that are important for the control of ovulation because the increasing episodes of LH secretion during the follicular phase drive the preovulatory rise in circulating E 2 .
Increased LH pulse frequency also underlies the transition from infertility to reproductive competence at the onset of puberty and the transition into the breeding season. In several species, these changes are controlled by both steroid-dependent (changes in response to the negative feedback actions of E 2 or testosterone) and steroid-independent (evident in gonadectomized animals) inhibition of LH pulse frequency, but the importance of each varies with species (2) . In sheep, the steroiddependent suppression, which reflects an increased ability of E 2 to inhibit gonadotropin-releasing hormone (GnRH) and LH pulse frequency prior to puberty and during the nonbreeding (anestrous) season, is more dramatic than the modest decrease in GnRH and LH pulse frequency seen in ovariectomized (OVX) animals (3) . In contrast, steroid-independent suppression of LH is evident and critical for prepubertal suppression of LH in the agonadal monkey (4, 5) and in children (6, 7) .
The neurons that produce GnRH do not contain estrogen receptor a or progesterone receptor (8) (9) (10) , implicating a role for neuronal afferents to GnRH cells that convey the negative and positive feedback signals. The neuropeptide somatostatin (SST) is produced throughout the CNS, including in the hypothalamus and preoptic area (POA), and may contribute to the regulation of both episodic and surge secretion of LH. SST exerts its effects via five different G i/o protein-coupled receptors (SSTR1 through SSTR5). Activation of these receptors inhibits adenylate cyclase activity and opens potassium channels, resulting in membrane hyperpolarization and therefore reduced responsiveness to stimulatory input (11) . Consistent with a generally inhibitory effect, SST inhibited GnRH release from rat hypothalamic explants (12) and spike firing in GnRH cells in mice (13) and rats (14) . Furthermore, these actions are likely mediated primarily through SSTR2 because the SSTR2 agonist seglitide produced similar inhibition of spike firing and membrane hyperpolarization as SST in mice (13) .
SST neurons in the ventromedial nucleus (VMN) of the ovine hypothalamus contain estrogen receptor a (15, 16) , and several lines of evidence suggest that they may be involved in the positive feedback actions of E 2 in ewes. First, the VMN is considered the site of E 2 -positive feedback in ewes because E 2 microimplants placed into this area, but not elsewhere, induced an LH and GnRH surge (17) . Second, ewes treated with E 2 implants known to induce an LH surge 24 hours later had more preproSST mRNA per cell (in the VMN) than ewes that did not receive E 2 implants (18) . It should be noted that the increase in preproSST mRNA was observed shortly (4 hours) after E 2 implants were inserted, a time when E 2 inhibits LH secretion. Third, c-Fos expression was higher in SST neurons within the VMN of ewes at the time of naturally occurring LH surges (19) and in anestrous ewes treated with estradiol benzoate than in controls (16) . Finally, intracerebroventricular (ICV) administration of the SSTR2 agonist octreotide blunted the LH surge and prevented the typical increase in c-Fos within GnRH cells in rats (20) . More direct evidence exists for a possible role for SST in regulation of pulsatile LH secretion. Infusion of SST into the third ventricle using an early follicular phase model in ewes inhibited mean LH concentrations and the number of LH pulses (18) . Similarly, intravenous SST infusion into healthy humans (women in the follicular phase of menstrual cycle and men) suppressed mean LH concentrations (21) , and octreotide suppressed pulse amplitude and mean LH concentrations in women with polycystic ovarian syndrome (22) .
In this study, we tested the hypothesis that SST, acting via SSTR2, acts in the hypothalamus to suppress both the LH surge and episodic LH secretion in ewes. We targeted SSTR2 based on evidence that this receptor mediates the actions of SST in rodents (13, 20) and that GnRH cells in the preoptic area of sheep contain SSTR2, but not the other SST receptor subtypes, as determined by immunohistochemistry (23) . To determine the role (if any) of SST on the generation of the LH surge, we administered either an SSTR2 agonist or antagonist to ewes during an E 2 -induced LH surge. To determine if endogenous SST alters episodic LH secretion, we administered a SSTR2 antagonist to ovary-intact, breeding-season ewes during the luteal phase (when progesterone is the dominant suppressor of LH), to ovary-intact ewes during anestrus (when E 2 is the dominant suppressor of LH), and to OVX ewes during both the breeding and anestrous seasons. Previous work in sheep had provided no evidence on the neural sites of action of SST. Therefore, we administered the SSTR2 agonist and antagonist into the third ventricle because this approach has the advantage of testing a functional role for SST signaling without a priori information of sites of action.
Materials and Methods

Animals
Multiparous mature ewes (.3 years old) of mixed breeding were maintained in a light-and temperature-controlled research building. Lighting conditions were adjusted every other week to mimic local natural lighting conditions. Ewes were fed a maintenance ration of cubed alfalfa hay and had free access to water and mineral blocks. Breeding season experiments were done in October and November, and anestrous studies were done in May and June. All procedures were approved by the West Virginia University Animal Care and Use Committee and were performed in accordance with the National Institutes of Health guidelines for the care and use of research animals.
General methods
Surgical procedures
All surgeries were performed using aseptic techniques with anesthesia maintained with 2% to 5% isofluorane in oxygen. Wool was removed from the surgical site, and skin was scrubbed with betadine solution. For OVX, the reproductive tract was externalized by midventral laparotomy, the ovarian blood supply was ligated with suture, and ovaries were removed. The remaining reproductive tract was rinsed with sterile saline to minimize adhesions and returned to the abdominal cavity. Peritoneum, subcutaneous layers, and skin were closed with suture. For neurosurgery, an 18-gauge needle was prepared and placed in the caudal, basal portion of the third ventricle using a stereotaxic procedure as previously described (24) . The cannula was cemented in place with dental acrylic, and the needle hub was plugged and covered with a plastic cap. Animals were treated preand postoperatively with analgesics (carprofen for both surgery types and gabapentin for neurosurgeries) and antibiotics (ampicillin for both surgery types and gentamycin for neurosurgeries). All veterinary drugs were acquired from Patterson Veterinary (Bessemer, AL) except gabapentin, which was compounded locally (McCracken Pharmacy, Waynesburg, PA). Animals were allowed to recover from surgery for at least 1 week before experiments were performed.
Drug preparation and blood sampling procedures
Drugs for ICV injection were prepared the night before injection and sterilized with ultraviolet irradiation. Animals were treated prophylactically with gentamicin before and after the blood sampling period. For studies of surge-type LH secretion, blood samples were collected at 2-to 4-hour intervals during the expected time of the LH surge. For studies of episodic LH secretion (experiments 2, 3, and 5), blood samples were collected at 12-minute intervals from 2 hours before until 4 hours after drug or vehicle injection. For all experiments, jugular blood samples (3 to 4 mL) were collected via venipuncture and placed in heparinized tubes. Plasma was harvested and stored at 220°C until assayed for LH with radioimmunoassay.
Experiment 1: Does SST act in the hypothalamus to regulate surge-type LH secretion?
To identify an effective dose of the selective SSTR2 agonist octreotide that would alter LH secretion, in a preliminary experiment we administered 20 nmol of octreotide (Tocris Bioscience, Ellisville, MO) in 100 mL of artificial cerebrospinal fluid (aCSF) (25) to OVX ewes. LH concentrations were measured in blood samples collected at 12-minute intervals from 3 hours before to 7 hours after drug administration. Octreotide was selected for these experiments because it has been demonstrated to alter LH secretion in rats (20) and humans (22) . A single 20-nmol ICV injection of octreotide suppressed mean LH (pre: 8.1 6 1.5 ng/mL; post: 2.8 6 0.6 ng/mL) and pulse amplitude (pre: 8.7 6 3.7 ng/mL; post: 2.3 6 0.8 ng/mL) for the entire postinjection sampling period (Fig. 1) . However, the interpulse interval (IPI) was not obviously altered (pre: 47.3 6 6.4 minutes; post: 56.3 6 6.7 minutes).
We used a well-established artificial follicular phase model in OVX ewes to test the effects of a SSTR2 agonist and antagonist on the E 2 -induced LH surge (26) . Briefly, at the time of OVX and insertion of the third ventricle cannula, a small (1 cm long) Silastic implant (inner diameter 0.34 cm, outer diameter 0.46 cm) (Dow Corning Corp., Midland, MI) containing E 2 was inserted subcutaneously and remained in place for the entire experiment. Two progesterone-containing CIDRs (Zoetis, Parsippany, NJ) were also inserted vaginally at this time. Eight days later, the CIDRs were removed, and the next day four large (3 cm long) E 2 implants were inserted subcutaneously and removed 3 days later. Blood samples were collected at 2-hour intervals for 36 hours starting at the time of large E 2 implant insertion and then at 4-hour intervals for an additional 12 hours. This treatment protocol reliably induces an LH surge 20 to 24 hours after insertion of the large E 2 implants. To test the effect of a SSTR2 agonist, six ewes were randomly assigned to receive ICV injections of either the SSTR2 agonist, octreotide (20 nmol in 100 mL), or aCSF every 8 hours for the first 24 hours of blood sampling starting at the time of E 2 implant insertion. This dosing regimen was chosen based on results from the preliminary experiment. Three days after removal of large E 2 implants, progesterone pretreatment, surge induction, and experimental protocol (ICV injections and blood sampling) were repeated, with each ewe receiving the alternate treatment in a cross-over design.
To test the effects of the SSTR2 antagonist, seven adult ewes were OVX, and a permanent cannula was placed into the third ventricle at least 1 week before any experimental procedure. An LH surge was induced as described previously. Ewes were randomly assigned to receive ICV injections of either the selective SSTR2 antagonist, CYN154806 (CYN) (27) (60 nmol in 100 mL; n = 4) (Tocris Bioscience, Ellisville, MO), or an equal volume of saline (n = 3) at 6-hour intervals for 24 hours starting at the insertion of the large E 2 implant treatment. This dose of antagonist altered pulsatile LH secretion in experiments 2 through 5.
Experiment 2: Does endogenous SST act in the hypothalamus to regulate tonic LH secretion in intact anestrous ewes?
Eight ovary-intact anestrous ewes received a permanent cannula into the third ventricle in mid-April (anestrous season). Ewes were randomly assigned to receive a single ICV injection of CYN (60 nmol in 100 mL sterile saline) or vehicle with 6 hours of frequent blood collection. The protocol was repeated 4 days later, at which time each animal received the alternate treatment in a crossover design.
Experiment 3: Does endogenous SST act in the hypothalamus to regulate tonic LH secretion in luteal phase ewes?
Eight ovary-intact ewes received a permanent cannula into the third ventricle in mid-October (breeding season). Estrous cycles were synchronized with two intramuscular injections of prostaglandin F2a (20 mg) (Lutalyse, Zoetis, Parsippany, NJ) given 7 days apart (28) . Eight days after the second injection, ewes were randomly assigned to receive a single ICV injection of CYN (60 nmol in 100 mL sterile saline) or 100 mL of vehicle, and frequent blood samples were collected for 2 hours before and 4 hours after injections as described previously. The protocol was repeated 2 days later, in which each animal received the alternate treatment in a crossover design.
Experiment 4: Effects of SSTR2 blockade on GnRH and kisspeptin cell activation
To determine whether SST may act via GnRH or kisspeptin cells, we administered CYN or saline via ICV injection and examined c-Fos expression in GnRH or kisspeptin cells using immunohistochemistry. Six days after the final sampling period in experiment 2, the same intact ewes were randomly assigned to receive either saline (n = 4) or CYN (n = 4). Animals were euthanized, and hypothalamic tissue was collected 2 hours after injection.
Ewes were treated with heparin (20,000 U) 10 minutes before and at the time of euthanasia, which was performed with an overdose of sodium pentobarbital (8 to 16 mL, intravenously; Euthasol; Patterson Veterinary, Bessemer, AL). The head was rapidly removed and perfused with 6 L of 4% paraformaldehyde in 0.1 M phosphate buffer (PB) with 0.1% NaNO 3 . A block of tissue including the hypothalamus and POA was removed and stored overnight in the same paraformaldehyde solution at 4°C. Tissue was then transferred to 20% sucrose in PB and maintained at 4°C. After sucrose infiltration, tissue was frozen, and 45-mmthick coronal sections were cut with a microtome with a freezing stage and collected in 10 series (450 mm apart) and stored at 220°C in cryoprotectant solution (29) .
For detection of GnRH and c-Fos, dual-label immunohistochemistry was performed on one complete series of hemisections throughout the hypothalamus. All steps were performed at room temperature with mild agitation unless noted differently. Tissue was rinsed in 0.1 M PB eight times (15 minutes each) and stored overnight in PB at 4°C. Tissue was rinsed 12 additional times in 0.1 M phosphate-buffered saline (PBS) (15 minutes each). Endogenous peroxidase activity was quenched by incubation in 1% H 2 O 2 in PBS, and the tissue was rinsed four times for 5 minutes each in PBS (typical rinsing step). Tissue was incubated in 4% normal goat serum (NGS; Jackson Immunoresearch, West Groove, PA) in PBS containing 0.04% triton X-100 (PBST) for 1 hour and then incubated in rabbit anti-c-Fos serum (dilution: 1:2000 with 4% NGS in PBST; SC-52, RRID:AB_2106783; Santa Cruz Biotechnology, Dallas, TX) for 17 hours. Tissue was rinsed and incubated sequentially in biotinylated goat anti-rabbit immunoglobulin (dilution: 1:500 in PBST with 4% NGS; BA-1000; Jackson Immunoresearch) for 1 hour, ABC-elite (dilution 1:500 in PBS; Vector Laboratory Burlingame, CA) for 1 hour, and nickel-enhanced 3,3 0 diaminobenzidene solution (10 mg per 50 mL PB with 2 mL of 2% NiSO 4 and 20 mL of 30% H 2 O 2 to produce a black reaction product; Sigma-Aldrich, Saint Louis, MO) for 10 minutes with intervening rinse steps. Tissue was then rinsed in PB, placed into 1% H 2 O 2 in PBS, rinsed, incubated in blocking solution containing 4% NGS in PBST for 1 hour, and incubated in rabbit anti-GnRH serum (dilution: 1:2000 in PBST with 4% NGS, 20075, RRID:AB_572248; Immunostar, Hudson, WI) for 1 hour. Tissue was rinsed in PBS and incubated sequentially in biotinylated goat anti-rabbit immunoglobulin (dilution: 1:500 in PBST with 4% NGS), ABC-elite (dilution: 1:500 in PBS), and 3,3 0 -diaminobenzidine (10 mg per 50 mL PB with 20 mL of 30% H 2 O 2 to produce a brown reaction product) for 10 minutes. Tissue was rinsed in PB and mounted onto superfrost slides (Fisher Scientific, Pittsburgh, PA). Once tissue was dried, cover glass was applied with Eukitt (Fisher Scientific) mounting media.
The total number of GnRH cells and the percentage of GnRH cells that contained c-Fos was determined in the diagonal Band of Broca, POA, anterior hypothalamic area, and the mediobasal hypothalamus (MBH) (30) using a bright field microscope (Axiovert 400CFL, Zeiss) with a 203 objective. Values were averaged per animal. All cell counts were made by a single observer blinded to treatment groups.
Detection of c-Fos within kisspeptin cells was performed in one series of hemisections throughout the arcuate nucleus (ARC), which contains the population of kisspeptin-neurokinin B-dynrophin (KNDy) neurons (31, 32) , and in two to four hemi sections from the POA as described previously except that 10% H 2 O 2 and 20% NGS were used in blocking solutions and a kisspeptin antibody (dilution: 1:10,000 in PBST with 4% NGS; AB9754, RRID:AB_2296529; Millipore, Billerica, MA) was used after detection of c-Fos. The total numbers of kisspeptin cells and kisspeptin cells that contained c-Fos were determined in two to four sections in the rostral, middle, and caudal portions of the ARC (32) and POA. The mean number of kisspeptin cells per hemisection and the percentage of kisspeptin cells that contained c-Fos were averaged per animal. All cell counts were made by a single observer blinded to treatment groups using a bright-field microscope (VS120; Olympus, Tokyo, Japan) with a 203 objective. Antibodies used to detect c-Fos (32, 33) , GnRH (34) , and kisspeptin (35) have been validated and used extensively in sheep. Additional details about these antibodies are presented in Table 1 .
Experiment 5: Does endogenous SST suppress LH in a steroid-independent manner?
To determine whether the stimulatory effects of SSTR2 blockade observed in experiment 3 were dependent or independent of gonadal steroid inhibition of LH secretion, we administered CYN to six OVX ewes during anestrus (June). Seven to 10 days after OVX, animals were randomly assigned to receive a single ICV injection of CYN (60 nmol in 100 mL sterile saline) or vehicle, with frequent blood samples collected for 6 hours. The animals received the alternate treatment 5 days later in a crossover design.
In light of the results of the first part of this study, we next determined if endogenous SST mediates the steroid-independent suppression of LH caused by inhibitory photoperiod by giving CYN to eight OVX ewes during the breeding season (midNovember). Animals were randomly assigned to receive treatments (CYN or saline as described previously) 6 to 9 days after OVX and received the alternate treatment 2 days later.
Data analysis
Radioimmunoassay LH concentrations were measured in duplicate as described previously (36) using a double-liquid-phase radioimmunoassay with reagents provided by the National Hormone and Peptide Program. The sensitivity of the assay averaged 0.077 ng/tube (NIH S24), and the intra-and interassay coefficients of variation were 5.8% and 8.3%, respectively. Progesterone concentrations were determined using a radioimmunoassay kit (MP Bioscience, Santa Anna, CA) according to the manufacturer's directions. Progesterone was measured in duplicate in a single assay with a sensitivity of 0.012 ng/tube and an intra-assay coefficient of variation of 10.1%.
Statistical analysis
For experiment 1, the time of maximal LH secretion and the amplitude of the LH surge (maximal concentration minus LH concentration of the first sample collected at time of insertion of large E 2 implants) were compared between treatment groups with t tests (paired t tests for experiments conducted as crossover designs). In studies of episodic LH secretion, pulses were identified with established criteria (1); briefly, a pulse had to be 2 assay standard deviations greater than the preceding nadir, the pulse had to occur within two samples of the preceding nadir, and the amplitude had to be greater than the assay sensitivity. The total number of GnRH or kisspeptin cells and the percentage of each that contained c-Fos within each area were compared between treatment groups with independent t tests.
For experiments examining episodic LH secretion, mean LH concentration and LH pulse amplitude (maximal pulse value minus preceding nadir) were determined during the 2-hour preinjection and 4 hour postinjection sampling periods and analyzed by two-way analysis of variance (ANOVA) with repeated measures (time and treatment). Tukey's multiple comparisons test was used to determine differences between individual points where appropriate. LH IPI was determined during the 4-hour postinjection period and was compared between treatment groups with a paired t test. Postinjection pulse latency (time from injection to the first pulse) and the amplitude of the first pulse after injection were compared between treatment groups with a paired t test. P , 0.05 was considered statistically significant.
Results
Effects of SSTR2 agonist and antagonist on surge-type LH secretion
Estradiol treatment induced an LH surge in all animals. Administration of the SSTR2 agonist octreotide did not alter the amplitude of the LH surge or the timing of the LH peak compared with aCSF-treated animals (Fig. 2, upper panels) . Similarly, administration of the SSTR2 antagonist CYN did not alter the amplitude or the peak time of the LH surge compared with saline-treated animals (Fig. 2, lower panels) .
Effects of SSTR2 antagonist in anestrous ewes
One ewe apparently had an LH surge during one sampling period (evident by very high and sustained LH concentration patterns) and was thus removed from analysis. A single injection of CYN into anestrous ewes induced pulse-like LH secretion in all seven ewes within 36 minutes. Four of these ewes also had an LH pulse within 36 minutes after injection of saline (Fig. 3) . For mean LH, twoway ANOVA revealed a significant time 3 treatment interaction such that CYN significantly increased mean LH concentrations (pre: 1.4 6 0.2 ng/mL; post: 4.3 6 0.7 ng/mL), whereas saline injections did not alter mean LH (pre: 1.3 6 0.1 ng/mL; post: 2.4 6 0.4 ng/mL). Pulse amplitude during the postinjection period tended (P = 0.089) to be greater in animals that received CYN (4.7 6 0.9 ng/mL) than in animals that received saline (2.7 6 0.5). Neither IPI (Fig. 3) nor timing of the first pulse (data not shown) was different between the two treatments.
Effects of SSTR2 antagonist in luteal phase ewes
The synchronization protocol using prostaglandin resulted in luteal phase concentrations of progesterone (.1 ng/mL) in seven of eight ewes on both sampling days; one ewe with low progesterone concentrations was excluded from analysis. Two-way ANOVA for mean LH revealed a significant time 3 treatment interaction such that a single ICV injection of CYN into luteal phase ewes produced a modest but significant increase in mean LH concentrations (pre: 1.0 6 0.2 ng/mL; post: 1.4 6 0.2 ng/mL), whereas saline injections did not alter mean LH concentrations (pre: 1.0 6 0.3 ng/mL; post: 1.1 6 0.3 ng/mL) (Fig. 3) . The first pulse after CYN injection occurred sooner (24 6 4.5 minutes) than the first pulse after saline injection (58 6 10.3 minutes). Neither IPI (Fig. 3 ) nor pulse amplitude (data not shown) was significantly altered by treatment with this antagonist.
Effects of SSTR2 antagonist on GnRH and kisspeptin cell activation
Ewes that received CYN had a significantly greater percentage of GnRH cells that contained c-Fos within the MBH compared with ewes that received saline (Fig. 4 ). There were no significant differences in the percentage of GnRH cells that contained c-Fos in the diagonal band of Broca, POA, or anterior hypothalamic area between treatment groups. CYN had no significant effect on the total number of GnRH cells in any of these areas ( Table 2 ).
Ewes that received CYN had a significantly greater, though modest, percentage of kisspeptin cells that contained c-Fos within the caudal aspect of the ARC compared with ewes that received saline (Fig. 4) . CYN treatment did not alter the percentage of kisspeptin cells that contained c-Fos in other portions of the ARC or POA. There was also no difference in the total number of kisspeptin cells between treatment groups in any area. Although there appeared to be a large numerical difference between treatment groups in the percentage of GnRH and kisspeptin cells that contained c-Fos in the diagonal band of Broca and the POA, respectively, these differences were not statistically significant. This might be due to the relatively low number of animals (n = 4/group) but more likely reflects the variability inherent in estimating percentages because there is a small number of total cells in these areas (Table 3) .
Effects of SSTR2 antagonist in OVX ewes
After CYN injection, OVX ewes during anestrus had a significantly shorter IPI (52.3 6 6.9 minutes) than after saline injection (83.7 6 9.6 minutes) (Fig. 5) . Similarly, the first pulse after CYN injection tended to occur sooner (P = 0.06; 32.0 6 6.7 minutes) than after saline injection (64.0 6 14 minutes). In contrast, during the breeding season, the IPI after CYN injection did not differ from that after saline injection, nor did the timing of the first pulse. Of note, CYN administration in anestrus reduced the IPI to a duration essentially the same as that seen in OVX during the breeding season. CYN treatment did not alter pulse amplitude (data not shown) or mean LH concentrations within either season, but mean LH levels were higher during the nonbreeding season than in the breeding season (Fig. 5) because there was an increase in LH pulse amplitude during anestrus (anestrus, 11.0 6 2.1 ng/mL versus breeding season, 6.7 6 0.8 ng/mL), which has been seen in previous studies (37, 38) .
Analysis of guide cannula placement
Cannulae placed into the third ventricle were aimed so that the tip was 2 to 3 mm directly above the infundibular recess (24) , but there was some variation in this position. To determine if this variation affected the response to the SSTR2 antagonist, the distance from infundibular recess to the tip of the cannula was measured on radiographs captured during neurosurgery and compared with LH responses for each experiment. As illustrated in Fig. 6 , for experiment 2 (intact, anestrous ewes), there was a negative relationship (R 2 = 0.84) between the distance of the cannula tip to the infundibular recess and the change in mean LH concentration (mean LH concentration after CYN injection minus mean LH concentration preinjection). Animals with the cannula tip placed further rostral and dorsal had the smallest LH response. No significant relationship between cannula placement and LH response after CYN or octreotide injection were observed in any other experiment, although there was less variability in guide cannula placement and response to CYN in the other experiments.
Discussion
This report demonstrates a role for endogenous SST in the regulation of GnRH secretion in any species. Previous work in several species has shown that SST or SST receptor agonists can alter GnRH cell activity or LH secretion, but the current study is the first to use a SST receptor antagonist to determine whether endogenous SST suppresses LH secretion. Using this approach, we Although several lines of correlative evidence in sheep, and pharmacological data in rodents, support a role for SST in surge type LH secretion, neither a SSTR2 agonist nor antagonist altered surge secretion in our experiments. Several methodological or theoretical considerations could account for the lack of effect of these drugs. First, as with all pharmacological studies, it is possible that an effective concentration of the drug was not achieved in the necessary locations to elicit an effect on LH surge secretion, but these drugs did affect episodic LH secretion. Second, SST could be acting through one of the other somatostatin receptors, although SSTR2 is the most likely receptor to be involved in control of GnRH secretion. Third, it is well established that several redundant systems contribute to the generation of the LH surge (39) so that compensatory pathways could mask any effects caused by altered somatostatin signaling.
Fourth, based largely on data from humans (21, 40, 41) , it is possible that SST acts at the pituitary to suppress the response of the gonadotrope to GnRH. Despite these caveats, the simplest explanation for the lack of effect of SSTR2 agonist and antagonist is that SST does not play an essential role in the generation of the LH surge in sheep.
Two groups have reported an increase in c-Fos, a marker for neuronal activation, in SST cells within the VMN around the time of the LH surge in sheep (16, 19) . One possible explanation for the discrepancy between these observations and our pharmacological data is that the cells that contain SST in the VMN are activated during the time of the surge but contain another signaling molecule or molecules important for surge secretion in sheep. Alternatively, it is possible that SST cells in the VMN are involved with inducing estrous behavior because E 2 implants placed into the VMN, but not other areas, induce sexual receptivity in ewes (42) . However, one report that c-Fos increased within SST cells in the VMN in animals during the LH surge but not during the portion of estrous behavior that preceded the surge (19) argues against this possibility.
Perhaps the most dramatic effects of the SSTR2 antagonist on episodic LH secretion occurred in OVX animals, in which CYN administered to OVX ewes decreased IPI during anestrus but not during the breeding season. Interestingly, SSTR2 blockade during anestrus reduced LH IPI to levels similar to those observed for OVX ewes during the breeding season. Thus, we propose that SST acts during anestrus to mediate the steroid-independent actions of photoperiod. The only other signaling molecule that has been implicated in steroid-independent suppression of LH during anestrus is serotonin. Similar to our current findings, serotonin receptor blockade increased LH pulse frequency in OVX ewes in anestrus but not during the breeding season (43) (44) (45) . Serotonin depletion during anestrus also increased LH pulse frequency in OVX ewes but had no effect in OVX ewes treated with E 2 (44) . Because both SST and serotonin have been implicated in the steroid-independent actions of photoperiod, these systems may interact. The ovine hypothalamus has abundant serotonergic fiber innervation (46) , and mRNA for the relevant receptor 5-HT 2 (47) is concentrated in the ventral portion of the MBH, including the VMN (48) . It is therefore possible that serotonin inhibits LH secretion via SST neurons that are located in the VMN. This possibility would also be consistent with the theory that serotonin suppresses LH via an inhibitory interneuron because 5-HT 2 receptor activation releases diacylglycerol and inositol triphosphate, resulting in increased protein kinase C activity and Ca 2+ influx, which are generally considered excitatory signaling events (49) .
In contrast to the seasonal difference in response to CYN seen in OVX ewes, administration of this antagonist to ovary-intact animals increased mean LH concentrations in both seasons, although the effect size was larger in anestrous ewes. Although LH pulse patterns are similar in ovary-intact luteal phase and anestrous ewes, these patterns reflect different negative feedback actions of ovarian steroids. During anestrus, the heightened sensitivity to E 2 negative feedback (50) produced by the inhibitory photoperiod is due, at least in part, to activation of inhibitory A15 dopaminergic neurons (51) (52) (53) , which suppresses kisspeptin release from KNDy neurons in the ARC (31, 32, 54) . During the breeding season, E 2 and progesterone act together to suppress GnRH and LH pulse frequency and appear to act directly on KNDy neurons (36, 39, 55) , which contain receptors for both E 2 and progesterone (56, 57) . Thus, the greater response in ovary-intact anestrous ewes could reflect the different inhibitory systems active at this time of year. Alternatively, this greater response might be due to the combination of steroid-independent and a more modest steroid-dependent suppression of LH by SST during anestrus because serotonergic inhibition of pulse frequency is sometimes evident in the presence of E 2 (45) .
Because CYN was administered into the third ventricle, the pharmacological data provide no indication of possible sites of action. However, the robust increase in the percentage of GnRH-ir cells that contained c-Fos only within the MBH supports the possibility of an action in this region. Alternatively, this could reflect an indirect action of CYN because an increase in episodic LH secretion by an endogenous opioid receptor antagonist or a pheromonal stimulus also selectively increased c-Fos in MBH GnRH neurons (58) . Two other observations point to an action of CYN in the MBH. First, the negative correlation between the LH response and distance of the cannula site from the infundibular recess within the third ventricle is more consistent with an action in the MBH than in the POA. Second, there was a modest increase in the percentage of kisspeptin-ir cells in the caudal aspect of the ARC that contain c-Fos after SSTR2 blockade. The possibility that SST acts on neural afferents to GnRH cells such as the KNDy neurons of the ARC (35, 59) , which have been implicated in the generation of GnRH pulses (60-64), had not been previously evaluated in any species. Thus, the stimulatory effects of SST2R blockade could be mediated by actions directly on a subset of GnRH neurons in the MBH that have been implicated in pulsatile LH secretion (58), on KNDy neurons, or a combination of these substrates (Fig. 7) .
In summary, these experiments demonstrate that endogenous SST, acting at least partly through SSTR2, inhibits episodic LH secretion but does not alter LH surge secretion. Furthermore, blockade of SSTR2 in ovaryintact ewes increased mean LH in both the breeding season and anestrus, whereas in OVX ewes, SSTR2 blockade increased LH IPI only in anestrus. The use of an SSTR2 antagonist allowed us to test the role of endogenous SST in the regulation of LH secretion. Together, these studies provide evidence that SST contributes to steroid-independent suppression of LH during anestrus and may also have a minor role in the inhibitory actions of ovarian steroids on LH secretion. Proposed model for SST action within the hypothalamus that mediates the steroid-independent control of LH secretion in sheep between the anestrous (left) and the breeding seasons (right). The inhibitory photoperiod in anestrus stimulates serotonergic neurons that increase the activity of SST neurons in the VMN. These SST neurons in turn inhibit GnRH pulse frequency, which could be mediated directly on GnRH neurons, indirectly through KNDy neurons, or indirectly through some other neuron type. This system is distinct from the steroid-dependent actions of photoperiod, which act via A15 dopaminergic (DA) neurons. See text for a more detailed discussion.
